In this paper, we have carried out a numerical simulation of FinFETs . The model is based on ID non-equilibrium Green 's function (NEGF) along the channel and 2-D Schrodinger equation in the confined cross section and provides insights into the performance of FinFETs with ultra small channel cross section. The simulation results of FinFETs show normal I-V characteristics with great potential in scalability even when the gate length is below 5 nm with 2-by-2 nm channel cross section.
Introduction
Double gate (DG) or triple gate (commonly known as FinFETs) MOSFETs possess superior gate controllability in both off and on states. Their (for DG, it is restricted to vertical type only) compatibility with the planar process makes them the strong contender in sub-65nm CMOS technology nodes. There has been extensive research work performed regarding DG-FETs, e.g., in [1] . For FinFETs or nanowire devices , because of the 3D nature of the structure, it is a formidable task to solve the current-carrying Schrodinger equation directly, even with methods like NEGF [2] .
Inthis work, we present a hybrid approach to the quantum mechanical (QM) simulation of 3D FinFET/nanowire structures , which captures the carrier confinement in the crosssection of the fin/wire and the ballistic (including tunneling) transport along the channel direction . The computation cost for a sub-20 nm FinFET is quite affordable. Compared with the DG structure, FinFETs shows a better scalability and IonlIoff ratio . The scaling limit is also revealed (it all depends on the channel length/cross-section dimension aspect ratio). Another benefit of using 3D QM simulation is that without proper multidimension quantum transport modeling , the doping profile extracted based on measured electrical data may be grossly distorted and thus deemed unphysical.
Model Description
The 3D numerical model with quantum mechanics, which we have developed, is based on: 2D Schrodinger equation in the cross section, ID NEGF along the channel direction, and 3D Poisson 's equation in all real-space dimensions. In this method , the most important technique is to separate a 3D QM function into two parts: in the orthogonal section and along the channel. A simple numerical implementation of this technique is based on tensor-product mesh with finite difference method . two ends of the channel and eigenvalue problem in the cross section. Compared to a complete 3D numerical simulation, this method reduces computational complexity considerably. For the cross sections of channel, the 2D Schrodinger equation is solved directly for eigenenergies and eigenwavefanctions of the Hamiltonian. Since in every slice , the wavefunction is confined in the device region, so the energy level, which can be called "mode energy", is discrete. The shape of the cross section can be arbitrary and the limit is that the cross section varies gradually along the channel. The density of states corresponding to three lowest modes in a rectangle slice are shown in Fig . 1 . The confinement in the region causes disjoint peaks in the density of states for each mode . .,
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Figure 1: Density of states in cross section for three lowest subbands. The peak value of the density is normalized to unity. The dimension of the cross-section for the silicon slab is 3 x 3 nm 2 and t ox = 1 nm . Bias is set to zero .
Treating the mode energy as the effective ID potential energy, NEGF along the channel is solved for different mode separately. In this approach, we must understand that the total energy of particle can be separated into longitudinal kinetic energy and transverse potential energy, while the mode energy is the sum of these two parts. A self energy matrix is used to represent the disturbance due to the open boundary and scattering in the device region in NEGF method. It only has diagonal elements. From the density matrix, which is obtained form 1D NEGF, the density of states along the channel is calculated [2] . Constructing 3D density of states from the longitudinal density of state and wavefunctions in cross-section is straightforward: need only to multiply the former with the square of the amplitude of wavefunction. The particle density at this energy is then the product of the 3D density of states and the distribution function . The 3D positiondependent particle density is the summation of that at all energy levels in every mode (subband). The channel current can be obtained from the density matrix from NEGF. We show the electron density in several cross sections of different size in Fig . 2 . It is noticeable that the electrons peak at the center of the cross-section when the silicon slab is quite narrow . When the slab becomes wider, the peak evolves to a crater, which validates the prophesy about quantum confinement by physical conceptions.
With the electron density we have calculated the Poisson's equation should be iterately solved. For Poisson's equation, the boundary conditions are set to be as follows: (1) At the gate contacts, the gate vacuum potential is determined from the gate bias voltage and workfunction of the contact materials. (2) At the source/drain contacts and other
